We designed a miniature multimodal actuator by combining servomotors and vibrators. The actuator is mainly designed to noninvasively deliver tactile information to human skin by high-frequency vibration and low-frequency pressures simultaneously. By utilizing two modalities at the same time, the actuator stimulates different types of mechanoreceptors and thus has the potential to increase the band width to transfer tactile information. The designed actuator possess the advantage of light weight, compact size, low power consumption, short response time, large ranges of pressure and vibration, and non-back-drivable mechanism. Multimodal actuators provide new tools and possibilities to display tactile information on human skin efficiently and intuitively.
Introduction
Tactile sensory feedback devices applied on human skin have important applications in many areas, for example virtual reality, information transfer, and prostheses. Different sensory substitution methods have been developed to deliver tactile information on human skin. The most commonly used tactile feedback devices adopt electrical [1] , vibrio, or force [5] stimulation methods. Electrical stimulation encodes tactile information by applying electrical pulses of different strength, duration, and number to human skin. Devices built based on electrical stimulation introduce almost no delay to response time. The impedance changes between the electrodes and human skin due to sweating or fatigue is the main drawback of this method. Vibrotactile feedback devices use commercial vibrators, as the ones used in cellphones, or specially designed vibrators. The tactile information is delivered by the strength, frequency, duration, and location of the vibrators [3] . The main limitation of this method is the amount of information that can be delivered. The mechanotactile feedback devices normally use commercial servomotors to apply forces to human skin [4] . The design space to deliver information is the strength and frequency of pushing forces. The main drawback of this method is the relatively long response time. There are also various other sensory substitution devices designed using air pressure [6] , thermal [7] , or audio [8] as feedback media. Although non-invasive feedback devices built by various single feedback modalities have been studied, tactile feedback devices that combines multiple feedback modalities are still not common. It is unclear whether a multimodal tactile feedback device can provide tactile information more intuitively than one with only a single modality.
We believe that a mutimodal tactile feedback device can provide tactile feedback more intuitively. Human skin has four known types of mechanoreceptors to detects to external pressure, stretch, and vibration. Each type of mechanoreceptors has different characteristics in terms of adaption rate, receptor field size, and receptor density [2] . For instance, Pacinian corpuscles are sensitive to vibration but almost unresponsive to a steady pressure. Meanwhile the vibration sensation is poorly localized. In contrast, the Ruffini corpuscles respond best to low frequency pressures. Therefore, there are potentially four different channels to transfer tactile information. However current noninvasive tactile display devices use either vibration or pressures only [5] , thus limit the band width to transfer tactile information.
Actuator concept
The conceptual design of the multimodal tactile feedback actuator is shown in Fig. 1 . The actuator mainly consists of two servomotors and a vibrator. We use a cylindrical vibrator as both the source of vibration and the pressuregenerating effector.
Design and fabrication
The designed actuator posses both mechanotactile and vibrotactile modalities. To select a proper mechanotactile actuator, both commercially rotary and linear servomotors were evaluated based on size and weight constrains. A small linear servomotor with a weight of 2.9 grams was chosen to convey mechanotactile sensation using a gentle pressure. This servomotor is normally used in the steering unit of remote control helicopters and light weight foam aircrafts. It has a low price tag and generates force by a miniature internal spindle. To achieve intuitive vibrotactile stimulation, the desirable vibration frequency is about 250Hz to stimulate the Pacinian corpuscles [2] . A cylindrical eccentric rotating mass (ERM) vibrator, commonly used in electric toothbrushes and vibrating touch interfaces, was selected.
The designed miniature actuator is shown in Fig. 2 , which mainly consists of two servomotors and one cylindrical vibrator to simultaneously deliver vibration and pressure. The cylindrical vibrator serves as the effector of the designed multimodal actuator. 
Specification
We performed various tests with the designed actuator, the specification and characterization of the multimodal tactile feedback actuator is summarized in Table 1 . 
Application
To demonstrate its application, the designed multimodal tactile actuator is used to build a 2D tactile display array, which is to be applied at human body surface. The tactile feedback device contains 15 multimodal actuators and thus has a large design space to flexibly create rich tactile feedback patterns. The tactile display array is shown in Fig. 3 .
Conclusion and discussion
We have designed a multimodal tactile feedback actuator by combining servomotors and cylindrical vibrators. The designed actuator is light weight, small, and power efficient. The multimodal actuator provides a new tool to the limited options to design tactile feedback interfaces. It might be proven to be a better alternative to popular single modal tactile feedback actuators. Further validation studies are planned with human subjects.
